Although Extreme ultraviolet lithography (EUVL) is now well into the commercialization phase, critical challenges remain in the development of EUV resist materials. The major issue for the 22-nm half-pitch node remains simultaneously meeting resolution, line-edge roughness (LER), and sensitivity requirements. Although several materials have met the resolution requirements, LER and sensitivity remain a challenge. As we move beyond the 22-nm node, however, even resolution remains a significant challenge. Chemically amplified resists have yet to demonstrate the required resolution at any speed or LER for 16-nm half pitch and below. Going to non-chemically amplified resists, however, 16-nm resolution has been achieved with a LER of 2 nm but a sensitivity of only 70 mJ/cm 2 .
INTRODUCTION
With the delivery of extreme ultraviolet (EUV) pilot line tools now underway and manufacturing of production tools started, it is clear that EUV has progressed into the commercialization phase. Process development with these tools will require the availability of 22-nm resolution resists. Several candidates have been identified with adequate resolution, even though they do not meet ultimate line-edge roughness (LER) and sensitivity specifications. Given these milestones, advanced resist development activities have moved on to 16-nm and below. Such extendibility questions are best addressed using advanced research tools like the SEMATECH Berkeley microfield exposure tool (BMET) [1] . Utilizing Lawrence Berkeley National Laboratory's Advanced Light Source facility as the source of photons, the BMET benefits from the unique properties of synchrotron light enabling research at nodes generations ahead of what is possible with commercial tools. An example of the advanced capabilities afforded by the synchrotron implementation of the BMET is its lossless fully programmable coherence illuminator [2] . Using this system, resolution enhancing illuminations achieving k 1 factors of 0.25 can be attained. Given the BMET numerical aperture of 0.3, this translates to an ultimate resolution capability of 12 nm.
In this paper we review the progress in EUV resists and discuss critical challenges. Based on modeling and experimental results, we consider a variety of potential limiting items in EUV photoresists.
STATUS OF RESIST MATERIALS FOR 22-NM HALF-PITCH
Over the past few years, several chemically amplified resist (CAR) materials achieving 22-nm half-pitch resolution have been developed (Fig. 1) . However, despite having achieved the required resolution, the LER remains a factor of 3 or more above the requirement. Moreover, the sensitivity also remains below target, but the gap is not nearly as large as for LER. Also shown in Fig. 1 are the corresponding LER, sensitivity, and Z-factor [7] numbers. The Z-factor is the resolution cubed, times the LER squared, times the sensitivity. Note that the LER values in Fig. 1 are corrected for mask effects [3] [4] [5] [6] , however, the mask impact is rather small given the elevated values of LER from the resist itself. For example, tncluding the mask effects raises the LER values in Fig. 1 by only approximately 0.2 nm. The best material in terms of Z factor has an LER 2.9 times larger than the target and a sensitivity 60% lower than target. We note that the best performing resist in terms of Z factor is also the earliest developed and was first reported on in 2008 [8] . The Z-factor is the resolution cubed, times the LER squared, times the sensitivity.
ULTIMATE RESOLUTION PROGRESS IN CHEMICALLY AMPLIFIED RESISTS
As suggested above, the progress in the ultimate performance of chemically amplified resists has slowed considerably over the past few years. Figures 2 through 6 show the ultimate resolution limits in the same resists as in Fig. 1 again showing that the 2008 material performs the best. The same illumination setting was used for all resists and is a dipole optimized for 18-nm half-pitch printing.
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Imaging results for chemically amplified resist A using the 18-nm dipole illumination.
Fig. 3.
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When considering the optimized film thickness resolution limit, we find little, if any, absolute resist resolution gains in CARs. Figure 7 shows a plot of the CAR ultimate resolution as a function of year. We see strong gains early on when the SEMATECH Berkeley MET was first brought online enabling learning for the first time at resolutions of 50 nm and smaller, but these gains stagnated in 2008. 
LER LIMITATIONS
As described above, the biggest gap in EUV resist performance for 22-nm half-pitch is the LER. An important potential source of LER for EUV resists is photon shot noise due to the high photon energy. To study these effects a variety of shot noise models have been developed [9] [10] [11] [12] . For the results presented below, we use the numeric implementation [10] of the analytic stochastic model first described in Ref. 9 . Figure 8 shows a scatter plot of LER performance of numerous resists tested on the SEMATECH Berkeley MET over the past 5 year. The LER data is plotted as a function of sensitivity and corrected for mask effects [3] [4] [5] [6] . Also shown in the plot is the modeled photon-noise limited LER (solid line) using the stochastic resist model mentioned above. The model assumes a resist blur of 10 nm, which can be shown to correspond to the near ideal blur in terms of LER for 22-nm half pitch features. Also assumed is a resist absorptivity of 0.0042 nm -1 , a thickness of 80 nm, a quantum efficiency of 2, a PAG concentration of 0.1 nm -3 , and a deprotection rate of 4 nm 3 /sec. These values were chosen based on typical EUV CAR parameters. The sensitivity in the model was changed by varying the base loading while keeping all other parameters fixed. We note that the base-loading method for varying sensitivity is often used in experimental studies as well [13] [14] [15] . The modeling results show that resist improvement relative to the photon noise limit is still possible. 
LER (nm)
The modeling results should not be viewed as an absolute limit since the predicted LER values can be further reduced by changing resist parameters. For example, the modeled shot-noise limited LER curve in Fig. 8 can be lowered by increasing the absorptivity of the resist. An example of this is shown in Fig. 9 where we plot the LER as a function of sensitivity and absorptivity. We see that with increased absorptivity, it is possible to increase resist sensitivity with no change in LER or loss of resolution. These results are for 11-nm half-pitch features. Other possible approaches for improved sensitivity without degradation of LER include improved acid yield and acid amplifiers [16, 17] . The results above indicate that we are not yet facing a fundamental photon noise limit; however, a limitation of the model used above is that it fails to predict interface effects. Figure 10 , which shows a titled view of a radial grating feature along with a top-down view for reference, demonstrates the importance of the interface in the LER. More details on the anisotropic nature of the sidewall LER and the effects of interface engineering can be found in Ref. 18 . Fig. 10 . Titled view of a radial grating feature, along with a top-down view for reference, demonstrating the importance of the substrate interface in the LER.
OUT-OF-BAND RADIATION EFFECTS
Being installed at a synchrotron source, the SEMATECH Berkeley MET benefits from extremely pure illumination. Although the EUV band matches that of commercial exposure tools since the EUV band is determined by the multilayers instead of the synchrotron, the vacuum and deep UV ranges are virtually non-existent. It has been hypothesized that this could account for performance differences with certain resists between the SEMATECH Berkeley MET and commercial tools. To study this effect, out-of-band illumination capabilities have been added to the BMET [19] . An example of the importance of this effect and its variance among different resist platforms is demonstrated in Fig. 11 which shows 32-nm lines and spaces printed with and without additional out-of-band light. The out-of-band exposure was set to be approximately 10% of the EUV exposure level and centered near 193-nm wavelength. In the case of the ArF polymer resist, the effect was so strong that no printing was observed with the additional out-of-band radiation. Figure 11 also shows the out-of-band induced change in dose to size and line-width roughness (LWR). Direct correlation between the two terms is not found.
16 NM AND BELOW
As discussed above, little progress has been seen in the ultimate resolution of CAR materials in the past three years. One might assume the lack of progress to be a limitation of the exposure tool rather than the resist, however, with its lossless programmable illuminator, the SEMATECH Berkeley MET is easily capable of sub-16-nm printing [20] . The ultimate resolution observed to date in BMET [21] has been achieved using a directly imageable metal oxide hardmask. Since the time those results were published, even further gains in resolution have been achieved in this material, but at the cost of sensitivity. Figure 12 shows printing results in this inorganic non-CAR material provided by Inpria [22, 23] . The sizing dose in this material is approximately 70 mJ/cm 2 . The line-edge roughness at 16-nm half pitch is 2.0 nm for spatial periods from 32 nm to 502 nm and after correction for mask effects. We note that the low in-band LER is in part due to the short correlation length of 6 nm (Fig. 13) . Fig. 11 . 32-nm lines and spaces printed with and without additional out-of-band light. Out-of-band exposure set to be approximately 10% of EUV exposure level and centered near 193-nm wavelength. In the case of ArF polymer resist, the effect was so strong that no printing was observed with additional out-of-band radiation. Also shown is the out-of-band induced change in dose to size and line-width roughness (LWR). 
SUMMARY

